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Correspondence and requests for materials should be addressed to A.R.O. According to the social intelligence hypothesis, social context represents an important force driving the selection of animal cognitive abilities such as the capacity to estimate the nature of the social relationships between other individuals [1] [2] [3] [4] . Despite this importance, the influence of this force has been assessed only in primates and never in other animals showing social interactions [5] [6] [7] . In this way, avian communication generally takes place in a network of signallers and receivers, which represents an audience altering individual signalling behaviours 8, 9 . Indeed, vocal amplitude 10 and repertoire 11 are known to be socially regulated and the attitude towards the opposite sex may change depending on the audience 8, 12, 13 . This 'audience effect' 8,14-16 provides support for the reality of social awareness in some bird species. However no evidence has yet been found to suggest that birds are able to estimate the characteristics of the social relationships between group-mates. Here we show that the male of a gregarious songbird species-the zebra finch (Taeniopygia guttata)-pays attention to the mating status of conspecific pairs, and uses this information to control its behaviour towards its female partner.
Zebra finches are monogamous flock-forming birds that seem to use acoustic recognition for pair-bond maintenance 11, 17 . A number of different vocalizations are produced by this species 11 , distance calls being the most frequently emitted by both males and females. Distance calls are used by the members of a pair to remain in contact when the flock is foraging or feeding and especially when the birds lose visual contact with each other 11 . As in many gregarious species, vocal recognition is thus likely to be a key component of reproductive success and it should be supported in both sexes by acoustic cues of distance calls [18] [19] [20] . Previous laboratory experiments testing isolated birds demonstrated that the female zebra finch is able to recognize its mate's vocalizations from other males' vocalizations 17 , but never succeeded in demonstrating a mutual acoustic recognition between mates 11 . In the natural biological context described above, it is very unlikely that wild male zebra finches do not recognize their mates' voices. Two main hypotheses can thus be envisaged: either captive zebra finches have lost some cognitive capacities because of domestication (for instance, females' calls may be less individualized, and/or males may no longer be able to recognize them), or tested males do not show preferential response to their mate's voice owing to a modification of their natural behaviour by their socially isolated position during the playback tests. Indeed social isolation could be a situation of stress in comparison to the natural context where the zebra finch lives in large groups and experiences permanent social interactions that may influence mate-directed behaviour.
To determine whether the vocalizations of female zebra finches support mate recognition, we analysed the acoustic structure of distance calls, searching for acoustic cues which could encode the emitter's individual identity. The female distance call is a complex sound with a fundamental frequency associated with several harmonics (Fig. 1a) . This sound is frequency-and amplitudemodulated. With reference to frequency-modulation characteristics, the distance call can be divided into three segments of different durations (Fig. 1a) : the initial segment defined by a rapid and loud ascending frequency modulation, a long and loud second segment with no frequency modulation (the stable part), and a third segment defined by a rapid and soft descending frequency modulation. To assess which of these spectral, amplitude and temporal cues could support individual identity coding and thus vocal recognition by males, we defined a set of 17 parameters describing the acoustic structure of the call, and measured the intra-individual and inter-individual variability of each parameter with a nonparametric analysis of variance. For each measured parameter the difference between the females is significant (Kruskall-Wallis ANOVA, P , 0.05) and the variation within individuals is smaller than that among individuals. In particular, the four spectral parameters (F start , F 1 , F 2 , F end ; Fig. 1b ) describing the frequency modulation of the fundamental frequency are highly individualized (potential for individual identity coding values (PIC) .2; see Methods). The discriminant analysis based on the whole set of analysed acoustic parameters allows us to discriminate among 100% of the seven females (Fig. 2) . According to our analysis, it thus appears that female distance calls contain potential cues to support individual identity coding and thus recognition by males.
To investigate whether mate recognition by males is affected by the current social context, we tested to see whether the vocal response of males to their partner's calls and to the calls of a familiar female changes depending on the composition of the audience. We performed playback experiments with 15 male zebra finches. Each of these birds was paired for several months with a different female and raised at least one brood. The tested male was separated from its mate, put in an experimental cage one night before the test, and assigned to one of the following social contexts: (1) the 'unmated males' context: two single males were placed in a companion cage near the experimental cage, (2) the 'mated pair' context: a normal male-female pair was placed in the companion cage, and (3) the 'unmated pair' context: a male and a female that were not paired were placed in two different companion cages. During playback, the Figure 1 Acoustic structure of the distance call of the female zebra finch. a, Spectrogram of the call of a female zebra finch. The call can be divided into an initial part (rapid and loud ascending frequency modulation), a long and loud second part with no frequency modulation (the stable part) and a final part (rapid and soft descending frequency modulation). The amplitude modulations are represented by a greyscale. b, Acoustic cues characterizing the fundamental frequency: the beginning frequency (F start ), the frequencies at the start and at the end of the second part (F 1 , F 2 ), the frequency at the end of the third part (F end ), and the duration of the second part (d stable ). letters to nature male, accompanied by its audience, was presented with two sets of stimuli: a series of calls of its mate and a series of calls of a familiar female. The male's response was assessed by counting the number of calls emitted during the stimulus broadcasting. The audience behaviour in response to stimuli was also monitored. Before the playback, the 'spontaneous' activity of the male was always very low ( Fig. 3) and not dependent on the audience (Kruskall-Wallis ANOVA, P ¼ 0.069). Whereas the audience behaviour seems to be fully independent of which female's calls were being presented (Wilcoxon matched-pairs test: 'unmated males', P ¼ 0.892; 'mated pair', P ¼ 0.419; 'unmated pair', P ¼ 0.715), the sex and the mating status of the accompanying birds modified the response of tested males to the playback of the calls of their mate (Kruskall-Wallis ANOVA, P , 0.04) (Fig. 3) . When the male was in the presence of an established male-female pair, its vocal response was significantly stronger to its partner's calls than to the familiar female's calls (Wilcoxon matched-pairs test, P , 0.05). Alternatively, when the male was in the presence of unmated conspecifics, that is, two single males or one single female and one single male, its response did not differ significantly between the two stimuli sets (Wilcoxon matched-pairs test, P ¼ 0.593 and 0.138, respectively), showing no preference to the calls of its own mate. Finally, the audience did not seem to influence the male's response to the calls of a familiar female (Kruskall-Wallis ANOVA, P ¼ 0.348). These experiments clearly show that male zebra finches have the ability to recognize their mate's voice, but that partner acoustic recognition is expressed differently according to the social relationships between accompanying birds. This effect of social context on acoustic communication in songbirds is in accordance with neurophysiological data: birds recorded in isolation or in visual and auditory contact with a female show different levels of electrophysiological activity 21 and ZENK gene expression 22 within auditory brain nuclei. The present results support the idea that songbirds are capable of behaviours that are not just "incidentally communicative" 12, 13 . In spite of the fact that recognizing one's partner is often crucial to reproductive success, the vocal response to one's mate does not seem to be reflexive but can be modulated by the presence of companions. Moreover, this precise regulation of signalling behaviour with regard to the mating status of conspecifics provides evidence that songbirds experiencing gregarious life can show awareness of social relationships comparable to those demonstrated by social mammals such as primates 7 . This ability might be linked to the cognitive demands of social living 3, 4 , which are potentially an important force driving the evolution of intelligence. Indeed, one possible ultimate explanation of why male songbirds may respond to their partner's voice in the presence of a paired audience might be that the presence of a mated male expressing female-guarding behaviour could stimulate similar mate-guarding signalling by the tested male. Finally, our work emphasizes that playback results can be influenced by the presence of a particular audience, stressing the importance of considering the social environment during experiments. A
Methods
Adult zebra finches (Taeniopygia guttata) served as the subjects for this study and were naive to all testing procedures. Birds were bred in an aviary (12 h light/12 h dark photoperiod with adapted wavelengths); food and water were provided ad libitum and temperature was maintained between 23 and 25 8C. All birds were paired for several months and raised at least one brood. All experiments occurred between 9 a.m. and noon. During testing periods, temperature, food and water conditions were the same as in the aviary. The experimental protocols were approved by the Jean Monnet University's animal care committee. Seven female zebra finches were recorded for analysis of female distance calls. Each female was isolated from its mate and seven to ten distance calls were recorded with a Sennheiser MD42 microphone, placed 0.3 m above the cage, connected to a Marantz PMD690/W1B recorder with 22,050-Hz sampling rate. We analysed a total of 65 female distance calls using Syntana software 23 and Praat version 4.0.19. We defined seventeen spectral, temporal and amplitude acoustic cues to describe the calls' acoustic structure. These measured parameters allowed statistical analysis of the cues potentially supporting individual identity coding and thus recognition by males. We performed a non-parametric analysis of variance (Kruskall-Wallis ANOVA, P ¼ 0.05) and a principal components analysis, followed by a discriminant analysis. To describe the intra-individual and interindividual variations of each parameter we used the coefficient of variation (CV) 24 . For each parameter we calculated CV i (within individual CV) and CV b (between individual CV) according to the formula for weak samples: CV ¼ {100(SD/X mean )[1 þ 1/(4n)]} where SD is standard deviation, X mean is the mean of the sample and n is the population sample 25 . To assess the potential of individual coding (PIC) for each parameter, we calculated the ratio CV b /CV i, mean (CV i, mean being the mean value of the CV i of all individuals). For a given parameter, a PIC value greater than one suggests that this parameter may be used for individual recognition because its intra-individual variability is smaller than its inter-individual variability.
A synthetic copy of three distance calls of each female was created with Avisoft-SAS Lab Pro software (version 4.16, 2002) in order to have experimental signals with neither any background noise nor sound degradation. These synthetic calls were used for playback tests. For playback tests, each tested male bird (n ¼ 15) was separated from its mate and placed in an experimental cage (240 £ 50 £ 50 cm, equipped with roosts) one night before the start of stimulus presentation. The experimental cage was in a soundproof chamber with a 12 h light/12 h dark photoperiod. Another cage was placed near the experimental cage in the chamber: this companion cage contained the two birds defining the social context. This audience was composed of different individuals during each trial. The playback equipment was constituted by two high-fidelity speakers (JBLTLX 12) connected to a DAT recorder (Sony DTC-ZE 700) placed at either end of the cage. During each test only one randomly chosen speaker emitted the playback stimuli (sound level, 70 dB at 1 m). The tested male was presented with two sets of stimuli: a series of distance calls of its mate and a series of distance calls of a familiar female (series were broadcast at random; series duration, 5.0 s, one call per second; interval between series, 30 s). As all the birds (audience birds, tested males and their mates, familiar females) had been bred in the same aviary, all acoustic stimuli can be considered as perceptually equivalent for the audience birds. The vocal and locomotor activity of the bird was recorded with a video recorder (Sony DCR-TRV24E) and the number of distance calls emitted during the broadcasting of the stimuli was counted. The audience behaviour was similarly assessed. Before the playback broadcasting, the male 'spontaneous' activity (call rate per 5.0 s) was also measured. The effects of the mating status of the accompanying birds on the 'spontaneous' activity of males and on the response of males to the playback of the calls of their mate or of a familiar female were analysed with Kruskall-Wallis ANOVAs (P ¼ 0.05).
Complementary tests (Wilcoxon matched-pairs test 24 , P ¼ 0.05) were performed to compare the responses to both stimuli in each social context. We also tested whether the audience behaviour was independent of which female's calls were being presented (Wilcoxon matched-pairs test, P ¼ 0.05).
Infectious disease has joined habitat loss and hunting as threats to the survival of the remaining wild populations of great apes. Nevertheless, relatively little is known about the causative agents [1] [2] [3] . We investigated an unusually high number of sudden deaths observed over nine months in three communities of wild chimpanzees (Pan troglodytes verus) in the Taï National Park, Ivory Coast. Here we report combined pathological, cytological and molecular investigations that identified Bacillus anthracis as the cause of death for at least six individuals. We show that anthrax can be found in wild non-human primates living in a tropical rainforest, a habitat not previously known to harbour B. anthracis. Anthrax is an acute disease that infects ruminants 4, 5 , but other mammals, including humans, can be infected through contacting or inhaling high doses of spores or by consuming meat from infected animals 6 . Respiratory and gastrointestinal anthrax are characterized by rapid onset, fever, septicaemia and a high fatality rate without early antibiotic treatment 6, 7 . Our results suggest that epidemic diseases represent substantial threats to wild ape populations, and through bushmeat consumption also pose a hazard to human health.
Long-term studies of wild chimpanzees habituated to human observation have revealed that mortality rates of adult animals are high and several times in excess of those reported for human huntergatherer communities 8 . Unfortunately, although direct observation of ill animals has suggested infectious disease as the cause of many deaths and disappearances, practical difficulties concerning acquisition and testing of diagnostic samples have usually precluded identification of the disease-causing agent(s). However, one recent study implicated Ebola virus as the cause of a more than 50% reduction in the number of chimpanzees and gorillas in large areas of Central Africa 9 . Ebola was also shown as the main cause of death in two epidemics in 1992 and 1994 that reduced the size of a monitored community of chimpanzees in the Taï National Park from 51 to 31 individuals 10, 11 . The behaviour and apparent health of chimpanzees in the Taï National Park have been closely monitored since 1984, and three communities (North, Middle and South) are currently under observation 11 . In October 2001, four apparently healthy individuals (Dorry, Gargantua, Gisèle and Goma) of the North community left the main group and were not followed by observers. Three days later, the one-to two-day-old remains of three of the chimpanzees were found within 50 metres of each other. Six weeks later, a skeleton attributed to Goma was found about 200 metres away.
A new cluster of unexpected deaths occurred in the Middle community in February 2002. The body of Noah, a juvenile male who exhibited no previous signs of illness, was found the morning of 13 February near his sleeping nest, and was estimated to have been dead for approximately five hours. The next day, Léo, the topranking male of the same community, showed sudden signs of weakness, vomited several times and died within two hours of the onset of symptoms. Another community member, Koulo, was last observed on that day and never seen again despite intensive searching, and hence is presumed dead. Finally, in June 2002, Olduvai, a subadult male of the South community, was found near to death less than three hours after he had been last observed in normal condition.
In total, eight sudden deaths were recorded in the three chimpanzee communities between October 2001 and June 2002, and all of the individuals were in apparent good health shortly before, suggesting an acute infectious agent as the cause. Samples from all six available dead individuals tested negative for the filo-and arenaviruses Ebola, Marburg and Lassa. Pathological and histological examination of the remains of Léo and Noah revealed haemorrhages presenting as small ecchymoses in nearly all inner organs, particularly in the intestines and lungs, and the lungs were also characterized by oedema and emphysema. Microscopic examination revealed Gram-positive, rod-shaped bacteria located intraand extravascularly in all tissues examined-spleen, liver, lung, 
